We present metallicities for red giant stars in the globular cluster NGC 6273 based on intermediate resolution GMOS-S spectra of the calcium triplet region. For the 42 radial velocity members with reliable calcium triplet line strength measurements, we obtain metallicities, [Fe/H], using calibrations established from standard globular clusters. We confirm the presence of an intrinsic abundance dispersion identified by Johnson et al. (2015) . The total range in [Fe/H] is ∼1.0 dex and after taking into account the measurement errors, the intrinsic abundance dispersion is σ int [Fe/H] = 0.17 dex. Among the Galactic globular clusters, the abundance dispersion in NGC 6273 is only exceeded by ω Cen, which is regarded as the remnant of a disrupted dwarf galaxy, and M 54, which is the nuclear star cluster of the Sagittarius dwarf galaxy. If these three globular clusters share the same formation mechanism, then NGC 6273 may also be the remnant nucleus of a disrupted dwarf galaxy.
INTRODUCTION
The Milky Way Galaxy's most massive globular cluster, ω Centauri, harbours a large star-to-star variation in metallicity, [Fe/H] 1 , spanning at least a factor of 10 (e.g., Freeman & Rodgers 1975; Norris & Da Costa 1995) . For the light, α-, Fe-peak and slow neutroncapture process (s-process) elements, ω Cen also exhibits a complex distribution in abundance ratios and [X/Fe] (e.g., Smith et al. 2000; Cunha et al. 2002; Stanford et al. 2007; Johnson & Pilachowski 2010; D'Orazi et al. 2011; Marino et al. 2011a; Pancino et al. 2011) . That is, ω Cen has experienced a complex chemical enrichment history and has ⋆ Based on observations obtained at the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the National Research Council (Canada), CONICYT (Chile), the Australian Research Council (Australia), Ministério da Ciência, Tecnologia e Inovação (Brazil) and Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina). † E-mail: david.yong@anu.edu.au 1 We use the standard spectroscopic notation; [Fe/H] = log 10 (N Fe /N H )⋆ − log 10 (N Fe /N H ) ⊙ retained ejecta from asymptotic giant branch (AGB) stars as well as from Type Ia and Type II supernovae (Romano et al. 2007; Marcolini et al. 2007 ). In contrast, the majority of Galactic globular clusters do not exhibit star-to-star variations in metallicity beyond the measurement uncertainties (e.g., Carretta et al. 2009a ). At present, arguably the most plausible explanation for ω Cen is that it is the surviving nucleus of an accreted dwarf galaxy (Freeman 1993; Lee et al. 1999; Bekki & Freeman 2003) .
As recently as 2007, ω Centauri was the only globular cluster for which there was undisputed evidence for a metallicity variation. Within the past few years, however, abundance dispersions in Fe-peak and/or sprocess elements have been reported in a number of globular clusters including NGC 1851 (Yong & Grundahl 2008; Villanova, Geisler & Piotto 2010; Carretta et al. 2011; Gratton et al. 2012; Marino et al. 2014) , M 22 (Marino et al. 2009 (Marino et al. , 2011b Da Costa et al. 2009 (Marino et al. 2015) . (Results for some of these clusters have been challenged by, e.g., Mucciarelli et al. 2015 and Roederer et al. 2016.) It was recognised that these objects (along with ω Cen), are preferentially among the most luminous (i.e., massive) of the Galaxy's globular clusters, and that many have an extended horizontal branch with extremely blue stars (Lee, Gim & Casetti-Dinescu 2007) . Some, if not all, of these objects could be the remnants of dwarf galaxies (Bekki & Yong 2012; Da Costa 2015; Marino et al. 2015) . In particular, M 54 is currently the nuclear star cluster of the Sagittarius (Sgr) dwarf spheroidal galaxy (dSph). Carretta et al. (2010b) proposed that when the Sgr dSph is tidally disrupted, the compact remnant of the M 54+Sgr system will resemble ω Cen. Therefore, the identification of additional globular clusters with intrinsic abundance dispersions in Fe-peak elements may have important consequences for our understanding of Galactic evolution. In order to complete the characterisation of the Galactic globular cluster system and possibly identify new clusters with abundance dispersions in Fe-peak elements, the most promising candidates to investigate are the most luminous globular clusters with extended blue horizontal branches.
NGC 6273 (M 19) has an extended blue horizontal branch and with MV = −9.1, it is the 10th most luminous Galactic globular cluster (Harris 1996 , updated December 2010 and lies near the Galactic bulge. Propermotion analysis indicates that it is an inner halo globular cluster (Casetti-Dinescu et al. 2010) . Observations by Johnson et al. (2015, hereafter J15) revealed an intrinsic variation in Fe-peak and s-process element abundances. J15 found a "metal-poor" population (9 stars, [Fe/H] = −1.75), a "metal-rich" population (8 stars, [Fe/H] = −1.51) and one "anomalous" star with [Fe/H] = −1.30. The "metal-rich" population had enhanced ratios of the sprocess element La compared to the "metal-poor" population, [La/Fe] = +0.16 and [La/Fe] = +0.48, respectively. Therefore, NGC 6273 has experienced a complex chemical enrichment history with contributions from Type II supernovae and AGB stars. Narrowband Ca photometry by Han et al. (2015) supports the results from J15. The goal of this work is to study a large sample of red giant branch (RGB) stars in NGC 6273 in order to confirm and quantify the abundance dispersion. In Section 2 we describe the sample selection, observations, data reduction and analysis. The results are presented in Section 3. Sections 4 and 5 include our discussion and conclusions.
SAMPLE SELECTION, OBSERVATIONS, REDUCTION AND ANALYSIS
Program stars (see Table 1 ) were selected from JK colourmagnitude diagrams (CMD) using 2MASS photometry (Skrutskie et al. 2006) . All targets occupy plausible locations in the J −K vs. K CMD. Specifically, we required 0.68 J − K 1.2 and 8.57 2 K 13.0 (see Figure 1) . Furthermore, all program stars were required to have "AAA" 2MASS photometric quality flags and to lie within 3 arcmin of the cluster centre. (Skrutskie et al. 2006 ). All objects lie within a radius of 3 arcmin and have AAA photometric quality flags. Red circles are likely radial velocity members with reliable Ca ii triplet EW measurements. The blue, red and aqua triangles are metal-poor, metal-rich and anomalous stars, respectively, from Johnson et al. (2015) .
Observations of the program stars were obtained using the GMOS-S multi-object spectrograph (Hook et al. 2004) at the Gemini-S telescope in queue mode (GS-2012A-Q-58). All observations were taken on 2012 May 05 and the set-up was identical to that of Da Costa, Held & Saviane (2014) . We used the R831 grating and the RG610 filter with central wavelengths of 8550Å and 8600Å (wavelength coverage was typically from ∼7500Å to ∼9000Å). Since there are gaps between the three GMOS-S CCDs, observations at two different central wavelengths ensures that the Ca ii infrared triplet lines can be measured in at least one of the two settings. Each GMOS mask had slit widths of 1 arcsec and slit lengths of 10 arcsec to facilitate sky and background subtraction. A total of 92 candidate RGB stars were observed across six masks. Two stars (17024132-2613517 and 17024717-2615107) were common to two masks and a total of 21 stars from J15 were included across five masks. Masks 1, 2 and 3 concentrated on brighter targets (J 11.7) and the total exposure time per mask was 240 sec (one 120 sec exposure for each of the two central wavelengths). Masks 4, 5 and 6 concentrated on fainter targets (J 11.5) and the total exposure time per mask was 960 sec (one 480 sec exposure for each central wavelength). Each observation was preceded, or followed, by a flat-field integration. Arc lamp exposures for each mask were also obtained.
Data reduction was performed using iraf 3 Gemini package scripts. The final wavelength-calibrated, skysubtracted spectra have a resolution of ∼3.5Å and a (binned) pixel scale of 0.68Å per pixel (see Figures 2 and  3) . The signal-to-noise ratios (S/N), based on the photon counts for a given central wavelength, exceed 100 per pixel for all but three objects with an average value of 170 and a maximum value of 280. This table is published in its entirety in the electronic edition of the paper. A portion is shown here for guidance regarding its form and content. As noted by Da Costa, Held & Saviane (2014) , the GMOS-S CCDs (at the time of the observations) are affected by strong fringing longward of ∼7000Å. The main purpose of these spectra is to measure radial velocities and metallicities based on the strength of the Ca ii triplet features. Therefore, even though the spectra have high S/N, the accuracy of the equivalent width measurements is limited by the large amplitude fringing rather than the photon counts (see Figures 2 and 3) . Consequently, we treated the spectra taken at the two different central wavelengths independently rather than co-adding them. For spectra of the same star taken with different central wavelengths, the cal- cium triplet lines will fall at different locations on the CCD and be subject to different fringing patterns. As we shall describe later, for each star we will compare the equivalent width measurements from the two spectra and select only those stars for which there is good agreement.
Radial velocities were measured from the wavelengths of the three calcium triplet lines. In a given spectrum, the radial velocity from the three lines were in good agreement and were averaged. For a given star, the radial velocities from the spectra taken with different central wavelengths (8550Å and 8600Å) were also in good agreement (maximum absolute difference of 3.7 km s −1 between the two spectra) and were averaged to produce the final radial velocity.
The zero-points for the radial velocity measurements, however, are not reliable because the arc lamp exposures were taken during the daytime (and for Mask 1, the arc lamp exposures were taken two days after the science observa- tions). Two stars, 17024132-2613517 and 17024717-2615107, were observed in Masks 1 and 4 and the radial velocities differed by 5.5 and 15.3 km s −1 , respectively, between the two masks. Fortunately, for Masks 1 through 5, we had six, five, five, four and one star, respectively, in common with J15. By comparing our radial velocities with those of J15, we could place our measurements onto their scale. The minimum and maximum velocity shifts applied to a given mask were −7.2 and +5.7 km s −1 , respectively. For Mask 6, however, there were no stars in common with J15 and so we shifted the velocities in Mask 6 by +16.4 km s −1 to match the average value obtained from Masks 1 through 5. Therefore, we regard the uncertainty in any given radial velocity measurement to be ∼15 km s −1 . In Figure 4 , we plot the distribution of radial velocities for the program stars. Most of the data lie near +145 km s −1 and we reject stars with RV +100 km s −1 and RV +190 km s −1 . For the stars we regard to be radial velocity members, we find an average radial velocity of +144.1 km s −1 (the average value in J15 is +144.5 km s −1 ). While the radial velocity measurements (see Table 2 ) can help to identify non-members, we cannot obtain a meaningful velocity dispersion from our GMOS-S spectra.
To estimate field contamination, we used the Besançon model (Robin et al. 2003) . We considered all stars within one square degree centered on NGC 6273 and only accepted stars with 0.68 J − K 1.2 and 8.57 K 13.0. In Figure 4 , we overplot the predicted distribution of field stars, normalised to the number of program stars with RV < 100 km s −1 , i.e., non-members. We therefore expect minor contamination from field stars, only ∼1 star with +100 RV +200 km s −1 . Equivalent widths of the calcium triplet lines were measured by fitting Voigt profiles using routines in iraf adopting the definitions in Armandroff & Da Costa (1991) . For a given star, we could measure the strengths of the 8542Å and 8662Å Ca ii lines in the spectra taken with central wavelengths 8550Å and 8600Å (see Table 2 ). For a given central wavelength, we could then add the equivalent widths for the 8542Å and 8662Å lies to produce ΣW . For each star, we can plot the difference in ΣW between the spectra taken with central wavelengths 8550Å and 8600Å as a function of S/N (see Figure 5) . Only stars for which we were able to measure both lines in both spectra are included in this figure (and we have excluded radial velocity non-members). As in Da Costa, Held & Saviane (2014) , while there is reasonable agreement in the two measurements of ΣW for most stars, the difference can be substantial for some stars and persists despite the very high S/N. We attribute these differences to fringing. We arbitrarily adopt a cutoff of |∆ ΣW | = 0.6Å and S/N 100 in order to select only the best spectra. For these 42 stars, the average difference in ΣW between the 8550Å and 8600Å spectra is −0.01 ± 0.05Å (σ = 0.29). For these stars, we average the measurements from the 8550Å and 8600Å spectra to obtain the final ΣW (see Table 2 ).
RESULTS
In Figure 6 , we plot the sum of the 8542Å and 8662Å equivalent widths (ΣW ) as a function of the magnitude difference from the horizontal branch for 42 stars as filled red circles. We applied a line-strength correction factor of 1.046 following Da Costa, Held & Saviane (2014) and adopted K(HB) = 12.85 from Valenti, Ferraro & Origlia (2007) . We also include comparison globular clusters from Mauro et al. (2014) . Of the 21 stars in common with J15, eight have metallicities from J15 and we overplot those objects as large filled triangles. Of those eight objects, three are from the "metal-poor" population (blue), four are from the "metal-rich" population (red) and the sole "anomalous" star is included (aqua). We caution that for five of these eight stars in common with J15, we were unable to measure equivalent widths for the 8542Å and 8662Å lines in both spectra (8550Å and 8600Å). Therefore we were unable to compare ΣW between the 8550Å and 8600Å spectra and so the ΣW measurements for those five stars may have larger errors than for the 42 program stars. We will comment on these stars later in this section.
Following Mauro et al. (2014), we use the K magnitude rather than the V magnitude in Figure 6 . The advantages to this approach are that extinction and differential reddening in the K band are much lower when compared to the V band. Additionally, the relatively flat slope of the ΣW vs. K(HB)−K relation (−0.385Å/mag compared to −0.63Å/mag for the optical relation) means that errors arising from photometry, distance and/or reddening will have a smaller impact upon the derived metallicities.
To obtain metallicities, we adopted the approach of Mauro et al. (2014) Figure 6 , we find an average reduced equivalent width of W ′ = 3.86 ± 0.07Å (σ = 0.42Å). Note that the standard deviation of 0.42Å cannot be attributed entirely to the difference in ΣW measured from the two different settings, 8550Å and 8600Å, nor to the uncertainties in ΣW (the average uncertainty is 0.19 ± 0.01Å). Therefore, there is an intrinsic spread in ΣW , i.e., Ca ii line strengths, in NGC 6273.
To convert the reduced equivalent widths into metallicities, we use the following relation from Mauro et al. (2014) which is calibrated by the observed line strengths in standard globular clusters with metallicities on the We now seek to quantify the abundance dispersion. For the 42 program stars, the standard deviation for W ′ is 0.42Å and the average error is 0.19Å. When taking into account the error, the intrinsic spread in W ′ is therefore ∼0.38Å. In order to select stars with reliable calcium triplet line strength measurements, we required ΣW to be in good agreement between the 8550Å and 8600Å observations; |∆ ΣW | 0.6Å as seen in Figure 5 . Had we adopted a more stringent cutoff of |∆ ΣW | 0.4Å, our results and conclusions would be essentially unchanged: for the 34 stars that is unchanged and therefore, differential reddening as high as ∆E(B−V ) = ∼0.27 does not affect the derived metallicities. As noted, using the K magnitude rather than the V magnitude greatly reduces the effect of differential reddening and the slope of the ΣW vs. K(HB)−K relation is flatter than the corresponding optical trend.
Recall that we also observed eight stars with metallicities from J15. For five of these objects, however, we could not measure the equivalent widths for 8542Å and 8662Å in both spectra. While their ΣW measurements may have larger uncertainties, we can obtain metallicities and compare our values with J15 (see Table 3 ). The average difference is ∆[Fe/H] = 0.20 ± 0.07 (σ = 0.20 dex), with our values being higher than those of J15. On our abundance scale, the three "metal-poor" stars and four "metal-rich" stars from J15 have average metallicities of [Fe/H] = −1.49 and [Fe/H] = −1.42, respectively. The "anomalous" star has [Fe/H] = −0.90. In the second panel of Figure 7 , we combine our program stars with all stars from J15 but we shift their metallicities by +0.20 dex to match our scale. The upper two panels exhibit very similar abundance distributions. That is, including or excluding the J15 stars does not affect our results, namely, that there is an intrinsic abundance dispersion in NGC 6273.
Of particular interest is the possibility that NGC 6273 hosts a third, "anomalous", population. J15 identi- Assuming that at least one of those stars is a genuine cluster member (recall that the Besançon model predicted only ∼1 field star contaminant), then our spectra confirm that NGC 6273 hosts an "anomalous" population, i.e., a high metallicity tail.
In Figure 8 , we separate the program stars based on their metallicity into two groups to investigate whether there are any systematic differences in their spatial distributions, location in the CMD or radial velocity distributions. We arbitrarily choose [Fe/H] = −1.50 as the boundary between the two groups. From this figure, the spatial and radial velocity distributions for the two populations overlap. Regarding the CMD, while we would expect the more metal-rich stars to be redder at a given K magnitude when compared to the more metal-poor stars, we find no significant differences in colour between the two populations.
DISCUSSION
We confirm the results from J15 that NGC 6273 harbours an internal abundance dispersion. In the lower three panels of Figure 7 , we also plot the metallicity distributions for wellstudied globular clusters that also exhibit abundance dispersions, M 22 (Da Costa et al. 2009 ), M 54 (Carretta et al. 2010a ) and ω Cen (Norris, Freeman & Mighell 1996) 4 . The same smoothing, FWHM = 0.10 dex, has been applied to all panels in this figure. For M 22 and ω Cen, the metallicity measurements were made using intermediate resolution spectra of the Ca ii triplet lines, i.e., a similar approach as in this study. For M 54, however, the metallicities are obtained from analysis of individual Fe lines based on high-resolution spectra.
In the upper panel of Figure 7 , we write the intrinsic abundance dispersion for NGC 6273 which was computed and described in the previous Section. For M 22 (Da Costa et al. 2009 ), M 54 (Carretta et al. 2010a ) and ω Cen (Norris, Freeman & Mighell 1996) , the measurement errors are 0.06, 0.02, and 0.05 dex, respectively. To obtain the intrinsic abundance dispersion, σint[Fe/H], we assume that the observed standard deviation is the quadratic sum of the measurement error and the intrinsic abundance dispersion, and we write the latter quantity in the bottom three panels. At low metallicity, the abundance distribution of NGC 6273 rises rapidly in a similar manner as ω Cen, but perhaps not as steeply as M 22. For M 54, the abundance distribution appears to rise more slowly compared to the other globular We note that Mucciarelli et al. (2015) have challenged the existence of an iron abundance dispersion in M 22 reported by Marino et al. (2009 Marino et al. ( , 2011b ) based on high-resolution spectroscopy. Mucciarelli et al. (2015) found that when using surface gravities based on photometry, the [Fe ii/H] distribution exhibits no spread. They suggested that neglect of non-local thermodynamic equilibrium (NLTE) effects can produce spurious abundance spreads. For M 22, however, there is also a real spread in Ca ii line strengths (Da Costa et al. 2009 ) which, if not due to metallicity variations, requires an unknown explanation. Recent NLTE calculations for Fe indicate that for stars with similar stellar parameters, the NLTE corrections are very similar (i.e., the differential NLTE effects are very small). We consider the abundance spreads in M 22 as real given the concordance between the high dispersion results and the Ca ii results for this cluster and that the differential NLTE corrections are expected to be negligible.
The increase in s-process element abundances with increasing metallicity is a characteristic shared by ω Cen, M 22, M 2, NGC 5286 and NGC 6273 and requires contributions from Type II supernovae and AGB stars. The presence of a third, "anomalous", population at higher metallicity but without s-process element enhancements or light element abundance anomalies has only been identified in M 2 (four stars) and NGC 6273 (one star). Clearly, it would be of great interest to examine chemical abundances for a larger suite of elements in the most metal-rich stars of NGC 6273 to establish whether the anomalous populations in these two globular clusters share common characteristics.
It is worth noting that initial observations of the Ca ii triplet in the outer halo globular cluster NGC 2419 showed line strength variations (Cohen et al. 2010) . Subsequent analyses, however, revealed that this cluster has a single metallicity, [Fe/H] = ∼ −2.1, but is highly unusual in that it exhibits very large star-to-star variations for Mg and K (factors of ∼100) (Cohen, Huang & Kirby 2011; Cohen & Kirby 2012; Mucciarelli et al. 2012) . Mg is an important electron donor in low mass stars (and thus contributes to the H − continuous opacity), and the large Mg depletion combined with a small star-to-star Ca variation could explain the behaviour of the Ca ii triplet lines in NGC 2419 (Cohen & Kirby 2012; Mucciarelli et al. 2012) . A similar explanation could possibly also apply to NGC 5824 (Da Costa, Held & Saviane 2014; Roederer et al. 2016) . For NGC 6273, however, the calcium line strength variation is larger than in NGC 2419 and NGC 5824, the Mg variation is relatively modest (∆[Mg/Fe] ≃ 0.5; J15) and the overall metallicity is higher. So it seems unlikely that star-to-star Mg variations are driving the calcium line strength variations in NGC 6273.
We reiterate that the most plausible explanation for the origin of ω Cen is that it is the surviving nucleus of an accreted dwarf galaxy (Freeman 1993; Lee et al. 1999; Bekki & Freeman 2003) . It has been argued that when the Sgr dSph is tidally disrupted by the Milky Way, the remnant of the M 54+Sgr system may closely resemble ω Cen (Carretta et al. 2010b ). Since ω Cen, M 54 and NGC 6273 all exhibit an intrinsic abundance dispersion, it is tempting to suggest that they may all share a similar formation mechanism as the remnant nuclei of disrupted dwarf galaxies. If this is the case, then one might expect to find a diffuse stellar envelope (and/or extratidal stars) surrounding NGC 6273 as is the case for other globular clusters that exhibit abundance dispersions in Fe-peak and/or s-process elements including NGC 1851 (Olszewski et Finally, two (ω Cen and M 22) of the clusters previously known to exhibit variations of the heavy elements Ca and/or Fe are also known to exhibit very large variations in cyanogen and to exhibit large ellipticities (see Norris 1987) 5 . We note then that NGC 6273 exhibits the largest ellipticity of the Galactic globular cluster population (ǫ ∼ 0.28, White & Shawl 1987) . From narrowband Ca photometry, Han et al. (2015) identified a Ca-rich and Ca-poor population in NGC 6273 and measured the CN and CH line strength indices in each population. They found that the Ca-rich population was also enhanced in CN, which is similar to ω Cen and M 22 (Norris & Freeman 1983) .
CONCLUSIONS
We confirm that the globular cluster NGC 6273 harbours an intrinsic abundance spread based on intermediate resolution Given the similarities in the abundance distribution, we argue that NGC 6273 and ω Cen may share the same origin as the nuclei of disrupted dwarf galaxies.
